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Lamination and polar vortex development in fall from ATMOS
long-lived trace gases observed during November 1994

G. L. Manney,!? H. A. Michelsen,? F. W. Irion,! G. C. Toon,! M. R. Gunson,!
and A. E. Roche?*

Abstract. Long-lived trace-gas profiles observed by the Atmospheric Trace Molecule
Spectroscopy (ATMOS) instrument around the developing polar vortex (the “protovortex”)
during early November 1994 show distinctive inversions (laminae). High-resolution profiles
calculated using a reverse trajectory (RT) model reproduce the majority of these laminae,
demonstrating that most of these features arise from advection by the large-scale winds.
The relationship between CHy and N,O sampled in filaments of low-latitude air changes
from the canonical midlatitude correlation to one typical of tropical air, confirming the
identification of tropical laminae. NoO/CH4 correlations for laminae in vortex filaments
indicate that enough confined descent and mixing has already occurred in the middle and
upper stratosphere by early November to alter the tracer relationship in the protovortex
from that in midlatitudes. Distributions of laminae in ATMOS observations agree with
regions of greater or less filamentation seen in high-resolution RT maps. There is a deep
minimum in laminae occurrence between 30° and 90°E at all levels, extending to about
150°E above ~35 km. Maxima in lamination in the lower stratosphere near 90°~150°E and
210°-270°E are associated with the main regions where tropical air is drawn up around
the developing vortex. Continuous filamentation associated with the developing vortex and
anticyclone in early November 1994 shows that transport and mixing processes previously
reported during winter are already important during fall.

1. Introduction

The Atmospheric Trace Molecule Spectroscopy
(ATMOS) instrument observations of Northern Hemisphere
(NH) middle and low latitudes during the Atmospheric Lab-
oratory for Applications and Science 3 (ATLAS 3) mission
in early November 1994 [Gunson et al., 1996] constitute a
unique data set during NH fall. This data set, comprising
profiles of ~30 species, includes simultaneous observations
of a number of long-lived gases; profiles for many species
extend from the upper troposphere through the stratosphere
and mesosphere. Individual ATMOS profiles observed
in the NH during ATLAS 3 often show complex vertical
structure with local minima and/or maxima that may appear
in a number of trace species measured simultaneously.
While in some cases relatively large vertical scale features
can be explained by profiles crossing the vortex edge, or by

1Jet Propulsion Laboratory, California Institute of Technology, Pasa-
dena.

2 Also at Department of Physics, New Mexico Highlands University, Las
Vegas, New Mexico.

3Sandia National Laboratories, Livermore, California.

“4Lockheed Martin Advanced Technology Center, Palo Alto, California.

Copyright 2000 by the American Geophysical Union.

Paper number 2000JD900428.
0148-0227/00/2000JD900428$09.00

observations in tongues of subtropical air drawn up from
low latitudes (both conditions indicated by examination
of low-resolution potential vorticity (PV) maps), there is
no immediate explanation for the origin of many of these
features and in many cases no direct evidence from which
to determine whether they are spurious or represent real
atmospheric features.

Numerous modeling studies have shown the formation
of small horizontal scale features around the polar vortex
edge and in the anticyclone (the “Aleutian high™) in the
Arctic winter stratosphere through differential advection by
the large-scale winds [e.g., Pierce and Fairlie, 1993; Waugh
et al., 1994; Sutton et al., 1994; Mariotti et al., 1997; Har-
vey et al., 1999, and references therein]. Orsolini [1995] and
Schoeberl and Newman [1995] showed that deep filaments
that tilt with height may lead to lamination in idealized trac-
ers. A few recent studies using observed trace-gas fields for
model initialization have shown that laminae with a wide
range of vertical scales can result from filaments drawn off
the vortex or from filaments drawn up from low latitudes and
that such laminae are observed in trace-gas profiles [e.g., Or-
solini et al., 1997, 1998; Manney et al., 1998].

Previous studies focused on the Arctic winter and spring
(December through March), after the polar vortex was fully
developed; none of the detailed studies using observed trace-
gas fields for initialization and/or comparison with model
results examined filamentation during fall, when the strato-
spheric polar vortex is in the process of developing. How-
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ever, Appenzeller and Holton [1997] showed in a theoretical
study that tracer lamination is expected in the entire “win-
ter half-year,” and Manney et al. [1996] showed that fila-
ments formed in calculated high-resolution idealized tracer
fields in November 1994 around the developing polar vortex
(the “protovortex”), which was well defined above ~600 K.
Pierce and Grant [1998] showed that rates of ozone lamina-
tion due to large-scale isentropic motions in the lower strato-
sphere at a NH midlatitude site began to increase starting in
late October/early November. Seasonally averaged lamina-
tion rates in a high-resolution transport model also showed
an increase in fall [Orsolini and Grant, 2000]. Wave activity
and Rossby wave breaking, which are associated with fila-
mentation, begin to increase between late October and late
November, depending on the year [e.g., Baldwin and Holton,
1988]. A pattern reminiscent of the Aleutian high often be-
gins to form in late October or early November [Juckes and
O’Neill, 1988; Rosier et al., 1994; Harvey and Hitchman,
1996], although it remains transient and is usually weak until
late December. Several studies have shown low-latitude air
being drawn up around the vortex and thick tongues drawn
off the vortex in December [e.g., Juckes and O’Neill, 1988;
Harvey et al., 1999]; this process is thought to contribute to
the formation of the main vortex/surf zone structure [e.g.,
Juckes and O’Neill, 1988] by strengthening potential vortic-
ity and tracer gradients both along the vortex edge and in the
subtropics. Michelsen et al. [1998a, 1998b] showed correla-
tions of ATMOS NOy, O3, and CHy4 with N, O that indicated
some observations around the 1994 Arctic protovortex were
influenced by subtropical air, confirming that air was drawn
up from low latitudes.

The documented increase in wave activity and asymme-
try of the developing vortex as early as late October makes
lamination due to chaotic advection by the large-scale winds
a plausible explanation for much of the structure seen in
ATMOS long-lived trace-gas observations. Manney et al.
[1999] showed that the ATLAS 3 ATMOS data provided
good coverage of a wide range of dynamically distinct re-
gions in the fall (northern) hemisphere, from the tropics to
inside the protovortex. This relatively complete coverage
in equivalent latitude/potential temperature space makes it
possible to use ATMOS long-lived tracer fields to initial-
ize high-resolution transport calculations. A reverse trajec-
tory model [Manney et al., 1998] is used to simulate high-
resolution tracer profiles and maps during ATLAS 3. These
calculations, and changes in ATMOS tracer-tracer correla-
tions for individual profiles, show that many previously un-
explained laminae in the observed profiles arose from small
horizontal scale filaments sampled by ATMOS. Our analy-
ses also illustrate the patterns of transport around the devel-
oping polar vortex during fall.

2. Data and Analysis

ATMOS version 3 data cover altitudes ranging from ~6
to 80 km. ATMOS spectra are recorded with a vertical
spacing of ~2 km in the lower stratosphere to ~4 km in
the upper stratosphere; this vertical spacing, combined with
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the instrument field of view, typically leads to an effective
vertical resolution of ~2-6 km [Gunson et al., 1996], with
better resolution in the lower stratosphere than in the up-
per stratosphere. Strong features with vertical scales some-
what smaller than the ATMOS resolution may sometimes
be detected, but the ATMOS retrievals would result in a
broadened and smoothed version of such features. For each
occultation during ATLAS 3, the signal-to-noise ratio was
optimized by the use of one of a set of four optical band-
pass filters (numbered 3, 4, 9, and 12); N,O, CHy, and
H>0 were measured in all filters. The ATLAS 3 data were
taken during November 3-12, 1994, and the sunset obser-
vations covered ~4°-50°N latitudes. Gunson et al. [1996)
summarize the spatial coverage, filters used, and expected
precision for each species. The recently produced version
3 ATMOS data set shows a number of improvements over
version 2, particularly in the upper troposphere and lower
stratosphere. Consistencies between tracers and tracer rela-
tionships are improved, and agreement between filters and
with correlative data is better in many instances (F. W. Irion
et al., The Atmospheric Trace Molecule Spectroscopy Ex-
periment (ATMOS) version 3 data retrievals, manuscript in
preparation, 2000; hereinafter referred to as manuscript in
preparation; H. A. Michelsen et al., ATMOS version 3 wa-
ter vapor measurements: Comparisons with ATMOS ver-
sion 2 retrievals and observations from two ER-2 Lyman-
o hygrometers, MkIV, MAS, HALOE, and MLS, submit-
ted to Journal of Geophysical Research, 2000; hereinafter
referred to as submitted manuscript). The precision of ver-
sion 3 ATMOS N,O and CHy is typically 5-10%, and that
of HyO 8-12% [Michelsen et al., 2000; F. W. Irion et al.,
manuscript in preparation, 2000]. Temperatures are also re-
trieved from ATMOS observations in filters 3, 9, and 12, for
altitudes from ~20 to 60 km [Stiller et al., 1995]. The ver-
sion 3 ATMOS data include separate estimates of the latitude
and longitude of the observation at each altitude for which
data are reported; these values may vary by as much as 5°—
10° between the bottom and top of some profiles, although
most vary by only a degree or two.

The methods used to simulate high-resolution maps and
profiles at the ATMOS observation locations follow Manney
et al. [1998]. Once-daily horizontal winds and temperatures
from the Meteorological Office (UKMO) data [Swinbank
and O’Neill, 1994] are used to drive the trajectory code de-
scribed by Manney et al. [1994]; since the three-dimensional
(3D) version of the trajectory code is used, the calculations
include an estimate of diabatic descent. UKMO data are on
a vertical grid with 2.5- to 3-km resolution; the actual verti-
cal resolution is expected to be poorer, since the resolution
of most data used in the assimilation is much worse. High-
resolution trace-gas profiles and maps are obtained using a
variation of the reverse trajectory (RT) technique developed
by Sutton et al. [1994], as described by Manney et al. [1998].
High-resolution profiles are obtained on 100 isentropic (con-
stant potential temperature, 8) surfaces equally spaced in
log-6 between 380 and 2000 K (between ~13-16 and 50-
55 km), giving a vertical spacing of ~350-400 m, about 6
times better than the vertical resolution of ATMOS. Since
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ATMOS observations are at slightly different positions at
each level, the ATMOS latitudes and longitudes are interpo-
lated to the model 0 levels to determine the central locations.
An 11 x 11 array of parcels centered around these locations
is placed in a 2° longitude x 1° latitude box (~100 km per
side at midlatitudes) at each level. The profiles shown below
are constructed from the average of the 121 parcels at each
level; comparisons with profiles reconstructed from individ-
ual parcels verify consistency in the motions over the area
of the column of initialized parcels [Manney et al., 1998].
High-resolution maps are made on selected isentropic sur-
faces (chosen from the 100 levels on which the RT profiles
are constructed) on an ~80 x 80 km equal area grid, inter-
polated to 0.8° latitude x 1.8° longitude for plotting. All
RT calculations are for 7-8 days, with the trajectory calcula-
tions initialized at the nearest half hour (the trajectory time
step) to the ATMOS observation time. Sensitivity tests dis-
cussed by Manney et al. [1998] showed that this time inter-
val is sufficient to capture laminae of vertical extent greater
than ~1 km. Since the model has previously been shown to
reproduce laminae at this scale, we retain this resolution in
the model to examine its predictions for scales smaller than
those that can be verified using ATMOS data.

Initialization data are obtained from the ATMOS
ATLAS 3 data mapped into equivalent-latitude/6 space
[Manney et al., 1999], reconstructed using PV calculated
from UKMO data for the initialization day (the ending or
earliest day of the back-trajectory calculations). PV calcu-
lated from the UKMO data is given on a 4° latitude x 5°
longitude grid, on isentropic surfaces with spacing similar
to the UKMO vertical (pressure) grid. Meteorological con-
ditions in the NH during ATLAS 3 were such that ATMOS
observations covered approximately 0°-60° equivalent lati-
tude [Manney et al., 1999]. With this coverage, RT tracer
maps that fully cover the region outside and just inside the
protovortex can be produced. Also, most of the air at the lo-
cations sampled by ATMOS was advected from regions (in
equivalent latitude) also sampled by ATMOS, thus giving a
complete or nearly complete simulated high-resolution verti-
cal profile for most ATMOS observation locations. Since the
initialization data are derived from the ATMOS data them-
selves, overall agreement between the large-scale structure
of the calculated and observed profiles is expected. How-
ever, since the equivalent-latitude/0 fields involve averag-
ing many observations (typically ~15-45 ATMOS-observed
points in each PV/0 bin [Manney et al., 1999]), they are
highly smoothed; the PV used for reconstruction also varies
significantly from day to day. Profiles reconstructed directly
from ATMOS equivalent-latitude/6 fields thus show only
those features with horizontal and vertical dimensions, and
time persistence, large enough to be captured in the UKMO
PV fields. By using these fields to initialize high-resolution
transport calculations, we can estimate what smaller-scale
and/or shorter-lived structures may be produced via advec-
tion by the large-scale winds.

To check the robustness of specific features in the simu-
lated profiles, we have also constructed RT profiles of N>O,
CHj, and H,O using Upper Atmosphere Research Satellite
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(UARS) based “climatologies” [Manney et al., 1999] con-
structed from Cryogenic Limb Array Etalon Spectrometer
(CLAES) N,O and CHy4 [Roche et al., 1996] (using the re-
cent version 9 data) and Microwave Limb Sounder (MLS)
H»O (prototype version 104) [Pumphrey, 1999] data. There
are known biases between CLAES or MLS and ATMOS data
[e.g., Roche et al., 1996; Pumphrey, 1999; H. A. Michelsen
et al., submitted manuscript, 2000]. However, if structure
not apparent in the low resolution reconstructions appears in
RT calculations initialized with the UARS-based climatolo-
gies as well as those initialized with ATMOS-derived fields,
it provides verification that those structures result from ad-
vection of the large-scale tracer fields and not from irregu-
larities in the ATMOS data. CLAES climatologies in NH
midlatitudes at this time of year are reliable only down to
~500 K.

Manney et al. [1998] showed that the RT model usually
reproduced laminae along the vortex edge (caused by vortex
edge crossing or intrusions into the vortex) and outside the
vortex (caused by filaments drawn off the vortex or up from
low latitudes) when initialized with fields reconstructed from
PV/0 space fields; best agreement was obtained for laminae
arising from filamentation. This type of initialization should
thus be appropriate for the study of lamination in midlati-
tudes and around the protovortex edge.

3. Results
3.1. Case Studies

We show here examples of laminae in ATMOS observa-
tions compared with results from the RT model described
above. The four examples shown are chosen to illustrate
laminae arising from low-latitude material drawn up around
the protovortex, from material drawn off the vortex, and
from varying vertical structure in the vortex edge region.
There are also examples ranging from very good to poor
agreement between model and observations.

Figure 1 shows N,O, CHy, and H,O from ATMOS pro-
file SS40, with corresponding calculated profiles. SS40 N,O
and CH4 show a minimum/maximum pair at ~600-710 K
and another (most obvious in CHy) in the upper stratosphere
at ~1100-1430 K. Although individual ATMOS H,O pro-
files frequently contain some spurious wave-like structure
[e.g., Abbas et al., 1996], there are minima and maxima
in SS40 H,O that are anticorrelated with those in N,O and
CHy4. Since H,O is a product of CHy oxidation, and older,
photochemically aged air depleted in CHy4 is enriched in
H,0, H,0 and CHy are expected to be anticorrelated; this
observation suggests that the features observed are of at-
mospheric origin. Neither pair of laminae is apparent in
the profiles reconstructed from low-resolution data (recon-
structed (RC) profiles, thick dashed and thin shaded dashed
lines), except for a slight minimum in CHy near 1100 K. The
ATMOS-RT calculations (thick solid lines), however, show
very good agreement with the lower pair of laminae in N,O
and CHy and fairly good agreement with those in H,O; the
CLAES (N>O and CHy) and MLS (H,0) based RT calcu-
lations (thin shaded lines) show corresponding minima and
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Figure 1. (a) N>O (ppbv), (b) CH4 (ppmv), and (c) H>O (ppmv) mixing ratios for Atmospheric Trace
Molecule Spectroscopy (ATMOS) profile SS40, on November 6, 1994. The white lines show the ATMOS
observed values, with the surrounding shading indicating the estimated random error of the retrieval. The
thick dashed lines show the low-resolution reconstructed (RC) profiles from the Meteorological Office
(UKMO) potential vorticity (PV) and the ATMOS equivalent-latitude/0 tracer fields. The thick solid lines
show the results of the reverse trajectory (RT) calculations initialized with the RC ATMOS data. The
dashed and solid shaded lines show the RC and RT profiles using the UARS-based climatologies for
tracer initialization (see text for details). The tick marks on the y axis are at the RT model levels.

maxima. The N,O and CH4 (H,O) profiles from RT calcu-
lations show a distinct maximum (minimum) near 1430 K,
similar to that in the ATMOS-observed profiles.

Plate 1 shows that in both the middle and upper strato-
sphere, SS40 observations were in the vicinity of a narrow
tail of material pulled off the vortex edge. Near 1100 K
(Plate 1b) the ATMOS observations were in a relatively wide
portion of the tail, with very low CHy representative of air
from well inside the protovortex. At 1430 K (Plate 1a) the
tail drawn off the vortex was sheared out and folded back
upon itself with higher CH4 air from the vortex edge re-
gion; the SS40 observation was located along one of these
filaments of higher CH4. This maximum resulted from a
filament too narrow to appear in the low-resolution tracer
fields.

The tail drawn off the vortex was narrower at lower levels
(Plates 1c and 1d), as seen in previous studies of the vertical
structure of vortex filaments [e.g., Schoeberl and Newman,
1995]. Near 700 K, SS40 was in the cusp where the tail
drawn off the vortex first curved around the developing an-
ticyclone; here high CH4 air drawn up from low latitudes
was mixed into midlatitudes, resulting in moderately high
CH4 values. Near 600 K the ATMOS observation was in
the filament of low CHy pulled off the vortex. Since neither
this vortex filament nor the cusp region are well defined in
the UKMO PV fields, the RC profiles show the CHy at both
levels to have moderate values characteristic of air from the
outside of the vortex edge region.

The ATMOS H,O profile in Figure 1c shows an additional
minimum in the lower stratosphere near 480 K (at this level,
horizontal gradients in N>O and CHy4 are relatively weak, so
laminae would be small, and with the strong vertical gradi-

ents such smaller variations are not obvious). Although this
minimum was apparent in the RC profiles, it is deeper and
follows the ATMOS observations over more of its vertical
extent in the RT profiles. At this time in the NH fall the
lower stratospheric vortex is just developing [e.g., Manney
et al., 1999] and large-scale tracer gradients are relatively
weak, but there is much stirring and filamentation in mid-
latitudes. Plate 2 shows that the SS40 observation was in a
region where a broad filament of low-latitude, low-H,O air
had been drawn in and coiled up with high-H,O air from
the incipient vortex. This feature was enhanced by the sea-
sonal cycle in tropical H, O, since there was a minimum near
this level in tropical profiles [e.g., Abbas et al., 1996]. Even
though the flow at this level is less organized than at higher
levels, the region under the developing anticyclone can be
readily identified as one of enhanced mixing in which fin-
gers of low and high H,O were folded together.

Figure 2 shows CH4 profiles for ATMOS observation
SS64. None of the laminae in the ATMOS-observed pro-
file are apparent in the RC profiles. The RT profiles, how-
ever, show minima and maxima resembling those near 670—
730 K and 460-515 K in the ATMOS profile, although there
is a slight (~1 km) offset in the levels of the minimum near
730 K and the maximum near 520 K. In the upper strato-
sphere, although the RT profiles show some laminae that are
not apparent in the ATMOS data, they follow the deep mini-
mum in the ATMOS profiles much more closely than do the
RC profiles.

Plate 3a shows that the deep minimum in the upper strato-
sphere results from a narrow filament drawn off the protovor-
tex edge. The filament at 1170 K is the upward extension of a
narrow filament seen at 731 K (Plate 3b), where the ATMOS
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Figure 2. CHy4 (ppmv) mixing ratios for ATMOS profile
SS64, on November 9, 1994. Layout and line styles are as in
Figure 1.

observation was in a filament of midlatitude air with moder-
ately high CH4 drawn poleward of this vortex filament; near
670 K (not shown) the ATMOS observations were again in
the vortex filament. The maximum at 514 K arose from a
tongue of low-latitude, high-CHy air drawn up around the
vortex edge, producing extremely strong tracer gradients
(Plate 3c). Near 480 K (not shown) the observations were
on the poleward side of this high-CHy4 tongue, giving rise to
the minimum. Manney et al. [1998] showed examples where
laminae were reproduced by RT calculations with small off-
sets in altitude, particularly in cases with extremely strong
tracer gradients, as seen here, where a slight error in the po-
sition of a feature (e.g., the tongue of high-CHy4 air) could
lead to a large difference in tracer values.

The SSO7 ATMOS observations show an example of lam-
inae forming when tropical air is drawn up around the vor-
tex near 120°E, throughout the depth of the stratosphere
(Figure 3 and Plate 4). In the RC profiles (thick dashed
solid and thin dashed shaded lines), there is a shallow min-
imum/maximum near 600-700 K, indicating that the struc-
ture causing this feature is of large enough scale to appear
in the averaged fields and/or the UKMO PV fields; this fea-
ture arises from the position of the vortex edge, such that
observations near 600 K are poleward of the vortex edge,
and near 700 K, equatorward of the vortex edge in a tongue
of tropical air drawn up around the vortex. Fairlie et al.
[1997] noted that high-resolution transport calculations such
as these are useful for refining large-scale gradients along
the vortex edge; this is apparent in the better representation
of these laminae in the RT calculations. The RT-model pro-
files show a distinct minimum near 900 K, similar to that
seen in the ATMOS observations, although the maximum
above it in the ATMOS-RT profiles is not as large. Near
990 K the ATMOS observations were in a tongue of high
CH, drawn up from low latitudes, whereas at 909 K (Plate 4)
the observations were toward the inside of the vortex edge
region, where CHy4 was lower. The RT calculations in this
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case indicate that the ATMOS observations near 900 K were
farther into the vortex than suggested by the UKMO PV and
were thus at lower CHy4 values. The smaller maximum in the
ATMOS-RT profiles than in the observations near 1000 K
may result from inaccuracies in the position of the filament
of high CHy in the RT calculations: An RT map constructed
using the CLAES-based initialization field shows the high-
est tracer region in the tongue extending farther poleward,
resulting in the larger lamina near 1000 K in the CLAES-RT
profile (Figure 3).

Laminae similar to those shown above are seen, and re-
produced by the RT model, for many other ATMOS profiles
in November 1994. There are also, however, cases where
the RT calculations fail to reproduce laminar structure seen
in ATMOS profiles and (as expected from the higher reso-
lution of the RT model) cases where the RT model calcula-
tions produce laminae not observed by ATMOS. Figure 4
and Plate 5 show such examples for ATMOS profile SS23.
Although there is a suggestion of a maximum near 600 K in
the RC profiles (dashed solid and shaded lines, especially in
the reconstruction from CLAES “climatology”), the RT pro-
files show little indication of the large maximum seen in the
ATMOS observations. The lamina in the ATMOS data is ro-
bust, with a similar feature in N,O and an anticorrelated fea-
ture in H>O. Plate 5b shows that at 608 K, a large tongue of
low-latitude air was drawn up around the vortex edge, which
extended in a tail out to nearly 30°N, similar to the situation
seen at lower levels for SS64 (Plate 3). This tongue extended
from below 500 K to about 750 K, and the RT calculations
show SS23 to be poleward of it at all levels. Given the appar-
ent consistency between species, it is unlikely that the lamina
in $S23 is a spurious feature in the ATMOS data; it is plau-
sible that if uncertainties in the RT calculations resulted in a
slightly calculated erroneous position or extent of the tongue
of low-latitude air, ATMOS may have sampled air from this
tropical tongue near 600 K. A misrepresentation of the cal-
culated position of the tongue of low-latitude air could result
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Figure 3. CH4 (ppmv) mixing ratios for ATMOS profile
SS07, on November 4, 1994. Layout and line styles are as in
Figure 1.
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Figure 4. CH4 (ppmv) mixing ratios for ATMOS profile
S$S23, on November 5, 1994. Layout and line styles are as in
Figure 1.
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either from inaccuracies in the winds or from advection of a
feature that was inaccurately represented in the initialization
fields reconstructed using UKMO PV.

Conversely, Plate 5a shows an example of a lamina in the
RT model that does not show up in the ATMOS data. Sev-
eral similar features are apparent in the upper stratosphere in
Figures 2 and 3, where the RT model produces small lami-
nae not seen by ATMOS. In each case, these features arise
from very narrow filaments (either higher values mixed into
the vortex edge region, as in Plate 5a, or low values drawn
off the vortex). Since the ATMOS resolution is poorer in
the upper stratosphere, extremely narrow filaments are more
likely to be missed, especially if they are also vertically nar-
row (as is the one shown here) or tilt strongly with height.
ATMOS does capture some such narrow features in the up-
per stratosphere (e.g., Figure 2 and Plate 3a), but detection
of such features by ATMOS is likely to depend strongly on
their exact location, tilt, and vertical extent.

While reproduction in the RT model of specific laminae,
as shown above, provides a strong suggestion that those
features are of atmospheric origin, the examples shown for
SS23 illustrate the difficulty in definitively identifying an at-
mospheric origin of laminae from model calculations alone.

3.2. Tracer Correlations

The ability of the RT calculations to reproduce many indi-
vidual laminae sampled by ATMOS suggests that these lami-
nae are indeed of atmospheric origin and indicates the trans-
port processes by which they arise. Correlations between
N,O and CH4 provide further evidence for, and informa-
tion about, the atmospheric origins of the features observed.
Michelsen et al. [1998a] (combining all ATMOS observa-
tions) demonstrated that NoO and CHy during ATLAS 3 had
distinct correlations in the tropics and midlatitudes. Plate 6
shows N,O/CHy correlations for the four profiles examined
above (section 3.1), with the regions of the laminae color-
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coded, along with the fits to the tropical and midlatitude cor-
relations during ATLAS 3 [Michelsen et al., 1998a].

Laminae in SSO7 (Plate 6a), the lower lamina in SS64
(Plate 6d, purple), and the lamina near 600 K in SS23
(Plate 6b) were associated with air drawn up around the pro-
tovortex edge from the tropics. Consistent with this, the
N, O/CHy4 relationships measured within these laminae shift
to the tropical correlation curve, whereas above and below
each lamina the measured N,O/CHy4 correlations follow the
midlatitude curve. The transition of the SS23 correlation in
the region of the lamina to the tropical curve strongly sup-
ports the suggestion above that this feature results from ob-
servations in the tongue of tropical air drawn up around the
protovortex tail. Below about 460 K (above ~280-300 ppbv
of N>O, where SS07 and SS23 show tropical correlations
while SS64 suggests more midlatitude-like conditions), the
vortex is not as well defined, the flow is more chaotic, and
tracer gradients are weak; thus there is little differentiation
between tropical and midlatitude air. The distances between
the Michelsen et al. [1998a] curves in this region are within
the uncertainties for individual profiles (which increase be-
low about 400 K).

The upper lamina discussed for SS40 is at an altitude
where N, O and CH4 mixing ratios are sufficiently low that it
is difficult to distinguish between tropical, midlatitude, and
protovortex air (Plate 6¢, green segment); insofar as one can
tell, the correlation for this lamina does appear to fall on the
midlatitude curve, which would be expected, since Plate 1a
showed the higher CHy4 filament to have values characteristic
of the protovortex edge region.

The lower lamina in SS40 (Plate 6¢, purple segment) and
the lamina in SS64 in the 650- to 750-K region (Plate 6d,
green) had maxima with moderately high, midlatitude CHy4
values and minima in vortex filaments. While the maxima
fall along the midlatitude curve, the minima actually fall sig-
nificantly below that curve, suggesting a separation of the
protovortex correlation from the nominal midlatitude rela-
tionship. Michelsen et al. [1998a] showed that in NH spring,
the vortex NoO/CHy4 correlation from ~20 to 250 ppbv of
N,O fell approximately along a line connecting those points
on the midlatitude curve, as a result of descent in the vor-
tex and mixing with extravortex air. Plumb et al. [2000]
showed that this curve in fact results from descent and mix-
ing that take place throughout the winter. Consistent with
this conclusion, the separation of the protovortex correla-
tion from the midlatitude correlations indicates that at lev-
els above ~600-700 K, enough descent in the vortex and
mixing with midlatitude air have already occurred in early
November to change the N,O/CHj relationship in protovor-
tex air. This result was not obvious in the work by Michelsen
et al. [1998a] since the collection of all protovortex observa-
tions did not separate those near the protovortex edge from
those well within the protovortex, because profiles of appar-
ently “mixed” origin (including some of those shown here)
were excluded from the analyses and because the tracer re-
lationships for individual ATMOS profiles in version 2 data
did not show this behavior clearly. A change in the vortex
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a S540
Plaie 2. Same as in Plate 1, but for BT HyO at 481 K.

Plate 1. High-resolution NH maps of CHy from RT calcu-
lations initialized with ATMOS equivalent-latide/d fields
(see 1ext) for 0000 UT, November 7, 1994, near the observa-
tion time of 5540, Levels shown are (a) 1430 K, (b) 1093 K,
() 207 K, and (d) 598 K. The black triangle indicates the po-
sition of 5540, The map projection is onhographic, with O
longitude at the bottom and 90°E w the right. The domain is
from equater 1o pole, with thin dashed lines at 30 and 807N

Note that the contour interval is differcnt at different levels,
to emphasize the horizontal structure in the fields
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Plate 4. Same as in Plate |, but for 5507, 0R30 UT, Novem-
ber 4, 19094, at 909 K.
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Plate 3. Same as in Plate |, but for 5564, 0000 UT, Novem-
ber @, 1994, Levels shown ane (a) 1169 K, (b) 731 K, and (c)
514 K.

Plate 5. Same as in Plate 1, but for 5523, 2200 UT, Novem.
ber 5, 1904, a1 (a) 1383 K and (b) 608 K.
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Plate 6. N,O/CHy correlations for (a) SS07, (b) $SS23, (c) SS40, and (d) SS64. Top panel in each plot
shows the N,O profile, with the regions of laminae color-coded (purple for lower lamina maximum and,
in Plates 6a, 6¢, and 6d, green for upper lamina maximum). Bottom panel shows the correlation for that
profile with the same color coding. The dashed black line in each of the bottom panels shows the tropical
correlation curve derived by Michelsen et al. [1998a], and the dashed cyan line shows the corresponding

midlatitude curve.
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Plate 7. N>O perturbation profiles for (a) SS07, (b) SS23, (c) SS40, and (d) SS64 with a five-point
running mean smoothed profile (on ATMOS 1-km grid) removed. Bold solid black lines show ATMOS
profile, dashed blue lines show ATMOS-RC profiles, dashed cyan lines show Cryogenic Limb Array
Etalon Spectrometer (CLAES)-RC profiles, solid red lines show ATMOS-RT profiles, and solid purple
lines show CLAES-RT profiles. Thin dashed grey lines show deviations of 10% from the original ATMOS

profile.

N,O/CHj correlation such as that seen here requires that for
some time, the vortex has been substantially, but not com-
pletely, isolated, so that mixing across the vortex edge is
weak or sporadic [Plumb et al., 2000]. Thus the observed
changes in the correlations demonstrate that there has been
relatively confined descent in the vortex for some time, ac-
companied by weak or sporadic mixing with extravortex air.

3.3. Laminae Statistics and Distributions

3.3.1. Laminae counts and statistics. To characterize
more generally the performance of the RT model, statis-
tics of RT model skill (following Manney et al. [1998]) and
laminae counts (following, e.g., Pierce and Grant [1998])
were done for all ATMOS observation locations north of
30°N (67 ATMOS profiles), for CHy and N,O. Individ-
ual ATMOS H,O profiles contain too many spurious vari-
ations (H. A. Michelsen et al., submitted manuscript, 2000)
to make such calculations informative. These counts and
statistics are compared with those for low-resolution recon-
structed (RC) profiles, to assess whether the RT calculations

show better overall agreement with ATMOS than the RC
profiles.

Perturbation profiles for use in counting and statistical
analysis were obtained following Pierce and Grant [1998].
For each profile, on the ATMOS (1 km) grid (RC and RT
profiles linearly interpolated), a five-point boxcar running
mean was taken to obtain a “smoothed” profile with local
variations (individual minima or maxima less than 5 km
deep) removed. A perturbation profile was obtained by
subtracting the smoothed profile from the original profile.
Plate 7 shows examples of N,O perturbation profiles for
the four cases in section 3.1. Plate 7d, for example, shows
clearly how well the features in SS64 agree with those in the
RT models and demonstrates that in the lower stratosphere,
the apparent disagreement consists mainly of a ~1-2 km al-
titude offset in the lamina near 21 km. SS40 (Plate 7c) shows
good agreement between ATMOS and RT profiles over most
of the vertical range, but the deep lamina in the ATMOS pro-
file centered near 23 km is modeled as two laminae (near 22
and 25 km). SSO7 (Plate 7a) shows similar “split” laminae
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near 28 and 35 km. These split laminae could be features
that ATMOS does not fully resolve.

Applying a similar procedure to get perturbation profiles
of 8 (derived from the ATMOS temperatures) for profiles
from filters 3, 9, and 12, following Pierce and Grant [1998]
and Teitelbaum et al. [1996], shows no evidence for 0 pertur-
bations that are correlated with the trace- gas perturbations
in midlatitudes. The laminae in ATMOS profiles are thus
unlikely to be attributable to gravity wave variations [e.g.,
Pierce and Grant, 1998]. This does not imply that no gravity
wave perturbations are present, as the limited vertical reso-
lution of ATMOS precludes detection of many gravity wave
features, which typically show multiple individual laminae
that are each 0.5-2 km deep [e.g., Teitelbaum et al., 1996,
and references therein].

Manney et al. [1998] examined the skill of RT ozone
calculations using correlation coefficients and Kolmogorov-
Smirnov (KS) statistics, a procedure similar to that used
by Fairlie et al. [1997]. The KS significance [e.g., Gib-
bons, 1985] compares frequency distributions; thus it is not
affected by possible altitude offsets between observed and
modeled profiles, as is the correlation coefficient. A similar
procedure was used here. Correlation coefficients and KS
significance were calculated between each ATMOS N, O and
CH4 profile and the corresponding RC and RT profiles. Cor-
relation coefficients and KS significance between ATMOS
and RC profiles are referred to hereinafter as Rgc and KSgc,
respectively, and those between ATMOS and RT profiles
are referred to as Rrr and KSgr, respectively. Higher Ry
and/or KSrt than Rrc and KSgc indicates better RT model
skill in reproducing structure in ATMOS profiles. These
statistics were calculated both for the actual mixing ratio
profiles and for the perturbation profiles described above.
Statistical analyses were done from 15 to 45 km; dividing the

Table 1. Statistics of ATMOS/Calculated Profile Agreement
for N, O for Individual Profile Examples, From 15 to 45 km

Comparison of ATMOS Profile
With Modeled Profiles

Profile/

Statistic AT-RC AT-RT CL-RC CL-RT
SS07

R -0.04 (0.47) 0.16 0.21)

KS 0.32 (0.999) 0.15 (0.96)

SS23

R (0.38) (0.49) 0.23 (0.40)

KS 0.41) (0.61) (0.41) 0.41)

SS40

R 0.35 (0.73) 0.03 (0.65)

KS 0.24 (0.96) 0.25 (0.999)
SS64

R 0.25 (0.40) 0.16 0.41)

KS 0.07 (0.81) 0.08 (0.81)

Abbreviations are AT-RC, ATMOS reconstructed profile; AT-RT, re-
verse trajectory profile initialized with AT-RC; CL-RC, CLAES recon-
structed profile; CL-RT, reverse trajectory profile initialized with CL-RC;
R, correlation coefficient; KS, Kolmogorov-Smirnov significance. R val-
ues in parentheses are statistically significant at the 95% level. KS values
in parentheses are greater than expected from a Monte Carlo test [Manney
etal., 1998].
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Table 2. Average Statistics of ATMOS/Calculated Profile
Agreement for 67 Profiles, From 15 to 45 km

Comparison of ATMOS Profile

. With Modeled Profiles
Species/
Statistic AT-RC AT-RT CL-RC CL-RT
N,O
Rx100 49422 39421 2624 16121
KSx100 42424 71+27 32426 69427
YR+ - 25% - 36%
%KS+ - 82% - 81%
CHy
Rx100 43+21 26+18 08+26 08+18
KSx100 19+17 65427 25422 64+29
PR+ - 19% - 46%
DKS+ - 91% - 82%

Abbreviations are %R+, percent of profiles with larger R for ATMOS
and RT than for ATMOS and RC profiles; %KS+, percent of profiles with
greater KS for ATMOS and RT than for ATMOS and RC profiles.

range into upper and lower sections indicated no significant
difference in skill between the upper and lower stratosphere.
Statistics are done only up to 45 km, since above that level
N2O and CHy4 mixing ratios are so low that insignificantly
small variations may be counted as laminae, and because of
poorer ATMOS vertical resolution in the upper stratosphere,
fewer variations in atmospheric structure due to thin fila-
ments are likely to have been detected.

Since the RC and RT profiles use PV from the same
source, and for the ATMOS RC and RT profiles, the trace-
gas or initial fields are derived from averaged ATMOS data,
good agreement between the large-scale structure in all the
profiles considered here is expected. This agreement is re-
flected in the statistics for the actual trace-gas profiles, which
yield very high (statistically significant, according to a Stu-
dent’s t-test) correlation coefficients between ATMOS and
nearly all of the RC and RT profiles. Manney et al. [1998]
showed that calculations for the complete (as opposed to per-
turbation) trace-gas profiles frequently show little increase in
Rrr and KSgt over Rrc and KSgrc; Ryt and KSgr are larger
than Rrc and KSgc for 33-63% (depending on species and
initialization type) of the profiles examined here.

Improvements in the representation of small-scale struc-
ture are more readily seen in the perturbation profiles, which
have large-scale (>5 km) structure removed [e.g., Manney
et al., 1998]. Table 1 summarizes statistical results for N,O
(similar results are obtained for CHy) for the perturbation
profiles shown in Plate 7. The results for SS07, SS40, and
SS64 are typical of those for cases where prominent laminae
in the ATMOS profiles were reproduced in the RT model.
For the perturbation profiles, both Rgr and KSgy are much
larger than Rrc and KSgc. Rgr values are statistically sig-
nificant, whereas Rrc values are not; these are cases where
the RT model produces specific laminae that are not present
in the RC fields. In many cases, especially where there are
not large laminae in the ATMOS profiles, the Rrc values are
statistically significant, and Rgr values are often lower, with
KSrr typically only a little higher than KSgc (similar results
to those shown in Table 1 for $S23).
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Table 2 summarizes the results of statistical calculations
for the 67 perturbation profiles. As was the case for the
ozone profiles modeled by Manney et al. [1998], Rgr values
were on average lower than Rgc values, with only 20-50%
of Rgr values higher. However, over 80% of the RT profiles
show higher KS significance. As discussed by Fairlie et al.
[1997] and Manney et al. [1998], the correlation coefficient
can be misleading, as laminae that are otherwise well re-
produced by the RT model often show small altitude offsets
from those in the observations; such offsets may result in
large decreases in the correlation coefficient. Since the KS
statistic compares frequency distributions, it does not suf-
fer from this sensitivity, and the larger values of KSg than
KSgc shown in Table 2 suggest that the RT model shows
skill in reproducing laminae in ATMOS observations.

Another simple measure of closer agreement between RT
model and ATMOS profiles than RC and ATMOS profiles,
which helps to verify that laminae are being produced near
the right altitude, is to compare the number of “matching”
(i.e., the right profile, same sign, and approximately the same
altitude or 6-level) laminae between ATMOS and RC pro-
files with those between ATMOS and RT profiles. Table 3
summarizes such counts for N»O from the ATMOS-RC ini-
tialization on the RT-model 6-grid (similar results were ob-
tained for CH4 and for the ATMOS grid), divided into sev-
eral vertical ranges. An N,O perturbation greater than 10%
of the mean profile value is identified as a lamina (dashed
grey lines in Plate 7 show that cutoff for the ATMOS pro-
file); all perturbations of the same sign at contiguous levels
that satisfy this condition are counted as one lamina. (Be-
cause of the smaller vertical gradients, a different cutoff is
appropriate for CHy; a perturbation greater than 6% was
used for that cutoff.) These conditions identify as laminae
most features that were noted visually (e.g., those where the
ATMOS profiles cross the grey lines in Plate 7), and few
others, but occasionally undercount below 20 km, as seen
in Plate 7c where the ATMOS lamina near 19 km does not
cross the grey line. (However, conditions based on a mixing

ratio value appropriate for the middle or lower stratosphere '

would much more severely undercount in the upper strato-
sphere.) To count on the model grid, the mean profiles were

Table 3. Laminae Counts for ATMOS, RC, and RT Model
Profiles

Number of Laminae
0 Range, K ATMOS RC RT
380 - 442 2 0 0
442 - 523 2 0 1
523 -618 4 0 0
618 - 731 7 0 4
731 - 864 6 0 4
864 - 1022 14 1 7
1022 - 1209 22 2 18
1209 - 1430 20 2 17
Total (380 — 1430) 71 5 51

RC and RT counts are laminae from the ATMOS-RC and ATMOS ini-
tialized RT profiles that match in location (profile number, approximate 6
level) and sign those in the ATMOS data.
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constructed using an 11-point mean, to again remove varia-
tions smaller than ~5 km.

Laminae corresponding to ~2/3 of those observed by
ATMOS were counted in the RT model profiles, as opposed
to only ~7% in the low-resolution reconstructions (RC pro-
files). Few of the laminae seen in ATMOS observations were
counted in the model profiles below ~600 K. At the lowest
levels, especially below about 550 K, the coverage of the
equivalent latitude/6 ATMOS fields used for initialization is
less complete [Manney et al., 1999], resulting in several pro-
files with missing values at the bottom; 30 of the profiles
do not have good values for all profiles down to the bot-
tom of the range. Also, as noted above and seen in Plate 7,
the criterion used may undercount at the lowest levels; sev-
eral cases have been noted similar to that in Plate 7d, where
(near 20 km) both ATMOS and the RT model produce lami-
nae but the model lamina was not large enough to be counted
(did not meet grey line). Although the correlation coeffi-
cients and KS statistics did not show a significant difference
in agreement between the lower and upper stratosphere, it is
also possible that because the vortex is less well developed
below ~20 km (~600 K), with more vigorous mixing and
filaments on smaller scales (e.g., Plate 2), the RT model here
is more sensitive to small errors in the wind and PV fields
and may mislocate filaments, as was the case for the lamina
near 600 K in SS23 (section 3.1, Figure 4); this may occur
even though the fields produced by the RT model still rep-
resent the type and distribution of structure present in the
atmosphere.

3.3.2. Laminae distributions and dynamical implica-
tions. Figure 5 summarizes the patterns of N>O laminae
north of 30°N for three altitude regions and six longitude
bins. Counts on the ATMOS grid are shown in order to ac-
curately represent the laminae actually observed; the counts
are normalized by the total number of ATMOS profiles in
the longitude bin. Again, we see that the RT model is not
very successful in reproducing laminae in the lower strato-
sphere (15-25 km); between 25 and 45 km, the patterns of
lamination in the RT model generally resemble those in the
ATMOS observations, with the most striking feature being a
minimum in lamina occurrence in the 30°-90°E region, ex-
tending through the 90°-150°E region above 35 km. That
the RT model produces more laminae than ATMOS in the
middle and upper stratosphere (note that the scales are dif-
ferent in Figures 5a and 5b) is likely due primarily to the
better RT model vertical resolution compared with ATMOS
at higher levels (Figure 4 and Plate 5 showed an example of
physically plausible laminae in the upper stratosphere that
were not captured by ATMOS). In early November 1994,
N,O (Figure 5a) and CH4 (not shown) laminae captured by
ATMOS were more common in the middle to upper strato-
sphere than in the lower stratosphere. Although some lam-
inae occur in all longitude bins (consistent with the preva-
lence of filaments seen in the RT maps), there is clustering,
particularly in the lower stratosphere, where two large max-
ima in laminae occurrence are seen in the 90°-150°E and
210°-270°E bins and very few laminae are seen in the 330°—
0°-30°E bin as well as in the 30°~90°E bin. At higher levels,
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Figure 5. Distribution of N,O laminae (a) observed by
ATMOS and (b) from RT calculations at the ATMOS ob-
servation locations north of 30°N during ATLAS 3, in three
altitude ranges and six longitude bins. RT calculations were
interpolated to the ATMOS vertical grid before counting.

the minimum near 30°-90°E is the only pronounced feature.
Fewer laminae in the lower stratosphere compared to
higher levels may result from several processes: (1) There
may be less filamentation in the lower stratosphere when
the polar vortex is less developed and planetary-scale wave
activity is weaker than at higher levels; Pierce and Grant
[1998] showed lower ozone lamination rates due to Rossby
wave motions during October and November than during
December and January in the lower stratosphere. (2) Fewer
laminae may be detected by ATMOS in the lower strato-
sphere because of its limited vertical resolution, since both
the horizontal and vertical scales of laminae tend to be
smaller in the lower stratosphere [e.g., Schoeberl and New-
man, 1995; Bird et al., 1997]. (3) Fewer laminae may be
seen in N;O and CHy4 because their horizontal gradients are
not as strong in the lower stratosphere in fall and early win-
ter before descent has transported lower N,O or CH4 values
in the vortex to these altitudes [e.g., Manney et al., 1999].
The distribution of N>O laminae observed by ATMOS in
the lower stratosphere is qualitatively consistent with that
shown by Orsolini and Grant [2000] in a multiyear transport
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model simulation. Their laminae distribution for September-
October-November (SON) showed a relatively uniform band
of high lamination rates in midlatitudes, with slight minima
between ~20° and 60°E and between ~180° and 240°E. For
December-January-February (DJF), their distribution was
more localized, with a large maximum from ~90° to 210°E
(in the Aleutian high region) and the deepest minimum be-
tween 30° and 90°E. The ATMOS lower stratospheric ob-
servations show more clustering than the model SON dis-
tributions but less than the model DJF distributions, with a
maximum in the developing Aleutian high region and a deep
minimum in the 30°-90°E region.

The 90°-150°E and 210°-270°E regions with lamination
maxima in the lower stratosphere are in the main “entrance”
regions, where air is drawn up from low latitudes around the
protovortex, and the 210°-270°E region includes the area
where material is coiling up in or folding up under the de-
veloping anticyclone. In the middle and upper stratosphere
the tongues of material drawn up in the 90°~150°E region
are coiling up with midlatitude air in the Aleutian high, and
tongues of material drawn up around 210°-270°E stretch out
to the 330°—0-30°E region and at times coil up in that region
in a weaker anticyclone; additional tongues of low-latitude
air are also drawn in from low latitudes farther east. As seen
in the RT maps, the flow in the 30°-90°E region at all levels
is more zonal, with less folding than seen at other longitudes,
consistent with the minimum in lamination. Above ~35 km
this relatively zonal flow extends farther east.

These distributions are consistent with the development of
the vortex in early November 1994. The Arctic vortex in the
middle and upper stratosphere (above ~600 K) is typically
well established by early November [e.g., Waugh and Ran-
del, 1999]. The presence of descent and some degree of con-
finement in the vortex in the middle and upper stratosphere
(above ~800 K) during October and early November 1994
were shown by Manney et al. [1999]; that the vortex in the
middle and upper stratosphere (above ~600 K) has been a
major influence on transport at high latitudes for some time
by early November 1994 was demonstrated by the change
in NpO/CHy correlations in vortex filaments (section 3.2).
In early November 1994 a feature resembling the Aleutian
high was present in the middle and upper stratosphere, con-
sistent with the sometimes early appearance of this feature
[Harvey and Hitchman, 1996] and the associated increase in
wave activity [Baldwin and Holton, 1988]. The tongues of
low-latitude air drawn up around the vortex and the tails of
air drawn off the vortex are associated with this feature.

The Aleutian anticyclone was strongest in the middle
stratosphere, between ~600 and 800 K (Plates 1c, 1d, 3b,
and 5). At higher levels the protovortex was more symmet-
ric, the Aleutian anticyclone was less pronounced, a second
weaker anticyclone appeared near 0° longitude, and air from
low latitudes was drawn up around the vortex in several re-
gions in long, relatively zonal tongues (Plates 1a, 1b, 3a, and
4). This pattern, with the strongest anticyclone and largest
displacement of the vortex from the pole in the middle strato-
sphere, resembles those reported during minor warmings in
December [e.g., Labitzke, 1977; Juckes and O’Neill, 1988;
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Rosier et al., 1994]. The appearance in early November
1994 of circulation patterns in the middle and upper strat-
osphere similar to those frequently reported for December
demonstrates the early influence of the developing Aleutian
high, strengthening vortex, and increasing wave activity and
vortex asymmetry on tracer transport. The RT maps and
ATMOS observations show that these processes are associ-
ated with substantial tracer lamination.

4. Summary and Conclusions

The veracity of laminar structures in ATMOS long-lived
trace-gas profiles observed during the ATLAS 3 mission in
early November 1994 has been tested using reverse trajec-
tory (RT) calculations, tracer correlations, and laminae dis-
tributions; these methods are also used to identify the ori-
gins of specific laminae seen in ATMOS long-lived trace-
gas observations. Laminae distributions were compared for
observations and the RT model, and high-resolution maps
and tracer correlations were used to illustrate the structure
and evolution of the protovortex and long-lived tracers in
fall 1994.

High-resolution profiles calculated using the RT model
show that many long-lived trace-gas profiles observed by
ATMOS in NH midlatitudes (~30°-50°N) during ATLAS 3
arose from filamentation due to chaotic advection by the
large-scale winds. These features are often generated by
sampling tropical air that is drawn up around the protovor-
tex or filaments drawn out of the vortex. The first situation
is confirmed by tracer-tracer correlations that move from
typical midlatitude or protovortex to tropical correlations in
the regions of laminae, indicating that the air sampled by
ATMOS has the characteristics of tropical air in multiple si-
multaneously sampled species. When filaments from well
within the vortex were sampled in the middle stratosphere,
tracer correlations moved significantly below the canonical
midlatitude correlation curve, indicating that enough con-
fined descent accompanied by weak or sporadic mixing with
extravortex air had already taken place by early November
s0 as to alter the tracer correlations in the protovortex.

In a few cases, RT calculations failed to reproduce lami-
nae that were robust features in the ATMOS observations. It
was found in such cases that features in the RT maps could
have produced laminae but were slightly offset from the po-
sition of the ATMOS observations and that ATMOS tracer-
tracer correlations showed changes consistent with sampling
of different air masses. Such failures are thus likely due to
inaccuracies in the RT calculations, either in the winds or in
the PV used to reconstruct the initialization fields.

Statistical analyses showed large average increases in Kol-
mogorov-Smirnov (KS) significance between ATMOS and
RT profiles over that between ATMOS and the low-reso-
lution equivalent-latitude/6 reconstruction (RC) fields used
for initialization, suggesting that the RT model calculations
do in fact produce profiles that agree better, in a quantifi-
able sense, with the ATMOS profiles. Counts of the laminae
show that the RT model produces laminae corresponding to
at least ~2/3 of those observed by ATMOS. ATMOS and
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RT model counts agree least well below ~20 km, where
equivalent-latitude/8 coverage of the initialization data is
worse, the counting procedure is less reliable, and filament
positions may be more sensitive to details of the wind and
PV fields used by the model.

Lagrangian techniques, such as those used here, are
increasingly being used in validation-type studies [e.g.,
Bacmeister et al., 1999; Lu et al., 2000, and references
therein]. Without accounting for transport processes, such
as those discussed here, features in the ATMOS profiles at-
tributable to laminae could have been identified as retrieval
artifacts. Such a misinterpretation could lead to significant
difficulties for data intercomparisons and validation studies,
particularly for conditions where filamentation is common.
For ATMOS, with relatively precise observations of multiple
long-lived gases, the combined use of RT calculations and
tracer correlations is a powerful tool for verifying structure
in the observations. For instruments for which appropriate
long-lived trace gases may not be available to examine cor-
relations, techniques such as RT calculations may still be of
material assistance in confirming the atmospheric origin of
such structure.

The distribution of laminae sampled by ATMOS in mid-
latitudes shows a minimum in the number of N,O and CHy
laminae in the 30°-90°E region. In the lower stratosphere
(15-25 km, ~400-650 K) the two regions with maxima in
lamination, 90°~150°E and 210°-270°E, are the main en-
trance regions where low-latitude air is drawn up around the
anticyclone. In the middle stratosphere (25-35 km), the min-
imum in the 30°-90°E region is the only striking feature,
but at higher levels (35-45 km), this minimum extends east-
ward to ~150°E. These distributions agree well with the lo-
cations of filaments and small-scale structure in RT maps.
These data and calculations provide a more detailed picture
than has previously been presented of the patterns of trans-
port around the developing vortex in fall. In early November
1994, low-latitude material was being continuously drawn
up around the protovortex throughout the stratosphere. In
the middle stratosphere, there was vigorous and continu-
ous mixing of this low-latitude air with midlatitude air and
tongues drawn off the protovortex in the anticyclone; fold-
ing together of protovortex and tropical air extended into
the lower stratosphere where the vortex was not yet well
defined. Tracer correlations showed that transport in and
around the protovortex had been sufficiently influenced by
confined descent and mixing by early November that vor-
tex correlations were distinguishable from midlatitude cor-
relations. The agreement between structure seen in the RT
calculations and features observed by ATMOS confirms the
picture of a very dynamic, variable, and highly structured
protovortex in the NH fall and shows resulting filamentation
in trace-gas observations throughout the stratosphere earlier
in the season than previous studies.
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